Vascular endothelial growth factor (VEGF) is a major angiogenic agent that due to alternative splicing of a single gene has 5 characterized isoforms; VEGF 121 , VEGF 145 , VEGF 165 , VEGF 189 , and VEGF 206 , corresponding to the coding region. This potent angiogenic agent acts as a specific mitogen for vascular endothelial cells through specific cell surface receptors (1) . Targeted inactivation of the VEGF gene resulted in heterozygous embryonic lethality, which clearly demonstrates its necessity during embryonal development (2) . In addition, inhibition of VEGF expression resulted in a dramatic inhibitory effect on tumor growth demonstrating its pivotal role in tumor angiogenesis (3) .
Being an essential angiogenic agent, VEGF expression is tightly controlled via different regulatory mechanisms that are not fully characterized. VEGF expression is induced in response to stress signals such as hypoxia, and various cytokines. This induction is in part due to transcriptional activation as well as mRNA stabilization (4 -7) . VEGF contains a very long (1038 bp) 5ЈUTR which harbors a biologically active internal ribosome entry site (IRES) located at the 3Ј end of the UTR (8 -11) . This IRES, first noted in the picornaviruses, serves to directly position the mRNA on the ribosome in the vicinity of the translation start codon in a context that does not involve upstream scanning (12) . A second IRES element was identified in the 5ЈUTR of VEGF that is located 5Ј to the originally identified IRES element and thus termed IRES-B (11). These two IRES elements (A and B) elicit commulative effect to ensure efficient initiation of translation from the same AUG codon under conditions (such as hypoxia) where normal translation via ribosomal scanning mechanism is severely impaired.
In this communication, we provide new evidence showing that an in-frame upstream open reading frame (ORF) present in the 5ЈUTR encodes for potential new isoforms of VEGF. The ORF is initiated by a CUG codon followed by three additional CUGs that adds 180 amino acids in front of the translation initiation methionine (AUG). In addition, we show that the overall structure of the 5ЈUTR is essential for proper translation from the initiation AUG codon. Hence, this region is highly conserved in mammals underscoring its role in the controlled regulation of VEGF expression. cells were grown in RPMI 1640. Both media were supplemented with 10% fetal calf serum, gentamicin and glutamine.
COS-7 cells (1.5 ϫ 10 6 cells/10 cm dish) were transfected by the calcium phosphate-DNA coprecipitation method with 15 g of expression plasmids DNA and 0.5 g of pRSV␤GAL DNA (to monitor transfection efficiencies). When cells were subjected to anoxia, 10 mM HEPES buffer pH ϭ 7 was added to the culture plates 24 h after transfection, and the plates were placed an airtight container with AnaeroGen kit (Oxoid) prior to harvesting. Each culture plate was harvested 48 h after transfection with 100 l of lysis buffer of the Luciferase assay kit (Promega) according to the manufacturer's instructions. 200 l of cleared lysates were incubated with 25 l of 50% Glutathione Sepharose 4B beads (Pharmacia) according to the manufacturer's instructions and the retained proteins were separated on 12% SDS-PAGE and transferred to nitrocellulose membrane. Each transfection sample was normalized for protein concentration and corrected for transfection efficiency. Each set of transfection experiments was repeated at least three times generating similar results.
5 ϫ 10 7 U937 cells were harvested, washed twice with cold PBS and lysed with 100 l of lysis buffer as above. 6 g of protein samples were separated on 12% SDS-PAGE and transferred to nitrocellulose membrane.
The membranes were subjected to Western blot analysis with 1:2500 dilution of goat anti-GST antibodies (Pharmacia), 1:1000 dilution of polyclonal antibodies directed against bacterially expressed ORF, 1:500 dilution of preimmune serum, 1:2500 dilution of polyclonal antibodies directed against VEGF (13) and 1:100 dilution of monoclonal antibodies directed against VEGF (Santa Cruz Biotechnology). The specific bands were identified by ECL analysis using SuperSignal (Pierce).
In vitro transcription and translation (IVT).
The assays were performed as described before (14) . Plasmids containing the gene of interest under the CMV/T7 promoter were linearized downstream of the coding region with the appropriate restriction enzyme. Equal molar amounts of linearized plasmids (ϳ1 g) were in vitro transcribed by T7 RNA polymerase using a commercial kit (Stratagene). Proteins were translated in vitro in the presence of 35 S-methionine using the Rabbit Reticulocyte Lysate (RRL) system (Promega) according to the manufacturer's instructions. The labeled proteins were either taken directly in protein sample buffer or purified over Glutathione Sepharose 4B beads as described, and all samples were separated on 12% SDS-PAGE and subjected to autoradiography.
Plasmids. pGST-The bacterial Glutathione-S-Transferase (GST) gene was PCR amplified form the plasmid pGEX-4T-2 (Pharmacia) and subcloned under T7/CMV promoter in the pcDNA3.1/Hygro expression vector (Invitrogen), which allows both in vitro transcription and expression in mammalian cells.
p5ЈUTR-GST-The 5ЈUTR of VEGF was excised from the plasmid pCVL (8) with the restriction enzymes SpeI and NcoI and cloned in front of the GST gene in the plasmid pGST generating a fusion construct between the 5ЈUTR and the GST gene in which the latter replaced VEGF gene in the same manner as in the genomic organization of VEGF.
Site directed mutagenesis using GeneEditor kit (Promega) was employed on the plasmid p5ЈUTR-GST to introduce the mutations indicated in Fig. 2 that were confirmed by automated DNA sequencing.
p5ЈUTR-VEGF 165 -The VEGF 165 coding region was PCR amplified from the plasmid pUC18VEGF 165 (13) and replaced the GST gene in the plasmid p5ЈUTR-GST generating p5ЈUTR-VEGF 165 .
RESULTS

The ORF Located within 5ЈUTR of VEGF Is Translated in Vitro and in Vivo in COS-7 Cells
The 1038 bp long 5ЈUTR of human VEGF contains a putative ORF which is located upstream to the first translation initiation methionine (AUG). This ORF encodes for additional in-frame 180 amino acids upstream of the reported translation initiation site. It is initiated by a CUG codon which is followed by three additional inframe CUG codons (designated CUG1-CUG4 as illustrated in Fig. 1A ). To test if the ORF present in 5ЈUTR of VEGF can be translated in vitro, we have fused the 5ЈUTR to GST in the same manner it is naturally fused to VEGF. This 5ЈUTR-GST fusion construct served as an efficient and easy to detect reporter gene substituting for VEGF. The 5ЈUTR-GST fusion construct and the GST construct alone, cloned under the CMV/T7 promoter in the plasmid pCDNA3.1/hygro (Promega) (see illustration in Fig. 1A ), were translated in vitro in the presence of 35 S-methionine. The labeled products were affinity purified over glutathione Sepharose beads, and the retained proteins were separated by SDS-PAGE. A 29-kDa peptide, corresponding to the expected size of GST, was identified when the GST construct was translated in vitro in RRL (Fig. 1B, lane 1) . When the 5ЈUTR-GST fusion construct was used as a template for in vitro translation, a significantly weaker band corresponding to GST was observed. On the other hand, a new major band with higher molecular weight (ϳ49 kDa) appeared. This band fitted the expected size of GST fused to 180 amino acids corresponding to the ORF initiated from the upstream in frame CUG1 codon (nt 499) (Fig. 1B, lane 2) . This result strongly suggests that the ORF can be expressed in vitro.
To test if the ORF in 5ЈUTR can be translated in vivo, the same constructs were transfected to COS-7 cells. Cell extracts were passed through glutathione Sepharose beads and the retained proteins were separated over 12% SDS-PAGE, transferred to nitrocellulose membrane and subjected to Western blot analysis with antibodies directed against GST. As seen in Fig.  1C , GST was expressed in the cells at expected size (Fig. 1C, lane 1) . However, the GST levels were much higher in cells that were transfected with the 5ЈUTR-GST construct (Fig. 1C, lane 2 ). This clearly shows that the IRES element is active in COS-7 cells leading to a significant increase in the expression of GST. Moreover, higher molecular weight bands were easily detected. The slower migrating band correlated in size to the putative 5ЈUTR-GST fusion protein initiated from CUG1 and some of the faster migrating bands may reflect alternative initiation from the other in-frame CUGs (illustrated in Fig. 1A) . Initiation of translation from either CUG2, CUG3 or CUG4 would result in 129, 121, and 42 N-terminal amino acids extension in front of the AUG. These results indicate that the 5ЈUTR of VEGF can promote the translation of alternatively initiated isoforms from upstream, in-frame, CUGs within the 5ЈUTR of VEGF.
Since VEGF mRNA expression is significantly induced under stress conditions such as anoxia, we tested whether the expression pattern of the alternatively initiated isoforms form the 5ЈUTR of VEGF is changed under anoxia. As expected, the expression level of GST is significantly reduced under hypoxic conditions (Fig. 1C, compare lanes 1 and 3) . This is in accordance with a previous publication demonstrating that protein synthesis is inhibited in cells subjected to anoxia (15) . Conversely, the level of GST driven by the 5ЈUTR-GST construct was not reduced (Fig. 1C , compare the GST band in lanes 2 and 4). This correlated with the postulated role of the IRES element of VEGF that promotes its expression under stress conditions, such as anoxia, where continuous VEGF expression is essential for angiogenesis. Interestingly, the expression level of the higher molecular weight isoforms originating from the 5ЈUTR of VEGF was not affected by anoxia (Fig. 1C, lanes 2 and 4) .
The High Molecular Weight Isoforms Are Initiated in Part from the Upstream CUGs
To show that the high molecular weight isoforms are initiated, at least in part, from the upstream CUGs, initial site directed mutagenesis was performed in The plasmids pGST and p5ЈUTR-GST were subjected to IVT using RRL in the presence of 35 S-methionine. For details see Materials and Methods. (C) COS-7 cells were transfected with equal molar amounts of pGST and p5ЈUTR-GST constructs (ϳ15 g) as described under Materials and Methods. GST enriched cell extracts were separated over 12% SDS-PAGE and subjected to Western blot analysis with polyclonal antibodies directed against GST. Protein size markers and the positions of GST, CUG1-GST, and CUG2-GST fusion peptides are indicated.
which the ORF was kept intact (see schematic illustration in Fig. 2A ). CUG1 (Leu) was initially mutated to AUG (Met) and following in vitro translation, a band identical in size to the band generated by the 5ЈUTR-GST was observed (Fig. 2B, compare lanes 2 and 3) . Accordingly, when the same CUG1 was mutated to AGG (Ala), the most upper band disappeared following in vitro transcription/translation (Fig. 2C , compare lane 4 to 5). This clearly shows that the most upper band is a fusion product between 5ЈUTR and GST originating from CUG1. Only the second band, predicated to originated from CUG2, was prominent when this CUG1 mutated 5ЈUTR construct was translated in vitro (Fig. 2C, lane 5) . Surprisingly, when CUG2 was mutated to CAG, both the CUG1 and the predicted CUG2 fusion products were not translated (Fig. 2C , compare lane 6 to lanes 4 and 5). This suggests that the mutation might have affected secondary structure formed in this region, which is essential for the initiation from CUG1. Unlike the mutaions at CUG1 and CUG2, mutations at CUG4 (Fig. 2C , compare lane 7 to lane 4) and CUG3 (data not shown) had no effect on the observed pattern of the translated bands. As expected, mutation of the first AUG to AAG (Lys) led to the elimination of the band corresponding to just the GST yet all other CUG originated bands were unaffected (Fig. 2C, compare lane 8 to lane 4) .
We next studied the effect of these mutations on the expression levels of the 5ЈUTR-GST fusion constructs in transfected COS-7 cells. It is clear from Fig. 2D, that   FIG. 2 . Mutation analysis of the various CUGs. The various CUGs located in the ORF present in 5ЈUTR of VEGF were mutated as schematically illustrated in A. Effect of mutation of CUG1 to AUG (B) and the effect of the mutations in CUG1, CUG2 and CUG4 (C) on the in vitro translation is shown. COS-7 cells were transfected with the different CUG mutation constructs (illustrated in panel A). The cells were harvested and subjected to Western blot analysis as described under Fig. 2 . D, short exposure; E, long exposure. Molecular weight markers and the positions of GST and CUG1-GST and CUG2-GST fusion peptide are indicated by arrowheads. mutation at CUG4 had no effect on the expression level of just the GST or the higher molecular weight proteins originating from the 5ЈUTR of VEGF (Fig. 2D , compare lane 4 to lane 1). Similarly, mutation at CUG3 had no observed effect (data not shown). These results are comparable with the in vitro results shown in Fig. 2C . On the other hand, mutation at CUG1 and CUG2 had a dramatic effect on the expression levels of the 5ЈUTR initiated isoforms and also on the expression level of just the GST (Fig. 2D, lanes 2 and 3, respectively) . As seen in Fig. 2D , following short exposure of the Western blot, the upper bands are barely detected and the GST band is significantly fainter than the corresponding band in the control or CUG4 mutation. Following longer exposure of the same blot (Fig. 2E) , the higher molecular bands are visible which demonstrates that they were not totally eliminated but expressed at a much lower level. In CUG1 mutation, mainly the most upper band disappeared while in CUG2 mutation the 3 most upper bands were not detected. This is in agreement with the in vitro results. Since these transfection studies were carefully controlled for plasmids DNA concentration and transfection efficiency, it suggests that the reduction in protein expression level is genuine. Thus, both CUG1 and CUG2 are also essential for proper expression of the gene located downstream to the IRES element as manifested here by the reduction in GST level in CUG1 and CUG2 mutation constructs.
The Alternatively Initiated Isoforms Are Identified with Specific Antiserum
To clearly show that the slower migrating bands originate from the ORF present in the 5ЈUTR of VEGF, Western blot analysis was performed. For that purpose, CUG1 was mutated to AUG and Histag was inserted at the C-terminus of the ORF followed by a stop codon. This putative ORF was cloned into the bacterial expression vector pET30a and a purified 19-kDa protein was injected to rabbits. The produced serum was used in Western blot analysis against extracts of COS-7 cells transfected with the 5ЈUTR-GST expression construct. Antibodies directed against GST enabled the identification of the band corresponding to GST and the upper bands which are the result of alternative initiation from CUGs located along the 5ЈUTR ORF (Fig. 3, lane 1) . Accordingly, the serum directed against the bacterially expressed ORF enabled the identification of the same upstream high molecular weight bands but, as expected, not the GST band (Fig. 3, lane 2) . Therefore, this indicates that indeed this ORF is actively being translated in transfected COS-7 cells and that the antibodies specifically recognize these high molecular weight isoforms.
A Higher Molecular Weight Isoform of VEGF Is Detected in Vitro, in Transfected Cells, and in a VEGF-Producing Cell Line
Five isoforms of VEGF resulting from alternative splicing of a single gene were reported. Since VEGF gene spans over 14kb, we fused only the cDNA corresponding to VEGF 165 to the 5ЈUTR keeping the "native" genomic organization (exactly as was done with GST) thus generating a VEGF 165 minigene. In vitro translation of 5ЈUTR-GST construct led to efficient translation of the CUG1-GST fusion protein and less efficient translation of just the GST peptide (Fig. 4A, lane 1 and Fig. 1B, lane 2) . Similarly, a higher molecular weight protein (ϳ40 kDa) was observed when the 5ЈUTR-VEGF 165 fusion construct was translated (Fig. 4A, lane 2) . The observed band corresponded in-size to the calculated alternatively initiated isoform of VEGF from CUG1 which includes N-terminal extension of 180 amino acids in front of the VEGF 165 coding region. Translation of just VEGF 165 is observed only following longer exposure of the membrane (data not shown). This weak translation of VEGF 165 is probably due to inefficient internal initiation of translation in vitro.
To detect in vivo expression of elongated isoforms of VEGF 165 initiated from upstream CUGs, the 5ЈUTR-VEGF 165 construct, the 5ЈUTR-GST construct, and the empty vector (pCNDA3.1/hygro) were transfected to COS-7 cells and subjected to Western blot analysis with antibodies directed against the ORF. As also shown in Fig. 3 , cells transfected with 5ЈUTR-GST construct expressed the higher molecular weight 5ЈUTR-GST fusion peptides (Fig. 4B,  lanes 1 and 2 short and long exposures, respectively) .
FIG. 3.
Alternatively initiated isoforms are detected with antiserum directed against the ORF within the 5ЈUTR of VEGF. COS-7 cells were transfected with p5ЈUTR-GST construct and protein were purified and Western blot analysis was initially performed with antiserum directed against GST (␣-GST). The nitrocellulose membrane was stripped off and reacted with antiserum directed against the ORF (␣-UTR-ORF) as described under Fig. 1 . The positions of the GST and the putative CUG1-GST fusion peptide are indicated.
Moreover, cells transfected with the 5ЈUTR-VEGF 165 construct exhibited an unique band with estimated molecular weight of 43 kDa (Fig. 4B, lane 4) . This band corresponded in size to a VEGF 165 fusion peptide with an extension of 180 residues in-front the coding region. This band was not detected in cells transfected with the empty vector (Fig. 4B, lane 3) . The transfection efficiency was identical for all tested constructs, yet the bands corresponding to the UTR-GST fusion peptide were visualized after a very short exposure of the Western blot (Fig. 4B, lane 1) while the 5ЈUTR-VEGF 165 isoform was detected only after a very long exposure. This indicates that either this elongated isoform is prone to a rapid degradation or to a post-translational processing that cleaves the VEGF moiety. Alternatively, like VEGF 165 this 5ЈUTR-VEGF 165 isoform is also secreted from the cells and thus is not effectively detected in cells extract.
We next looked for the presence of elongated VEGF isoforms in the promyelocytic cell line U937, which is constitutively producing VEGF (16) . A whole cell lysate was subjected to Western blot analysis and as shown in Fig. 4C , a band with an estimated molecular weight of 52 kDa was identified by the antibodies directed against the ORF (Fig. 4C, lane 2) but not by the preimmune serum (Fig. 4C, lane 1) . Further, the same band was also identified by our polyclonal antibodies directed against VEGF (Fig. 4C, lane 3) (13) and by monoclonal antibodies directed against VEGF (Santa Cruz Biotechnology, data not shown). These results clearly show that an elongated isoform of VEGF is present in cell extract from U937 cells, and is identified by antibodies directed against the ORF or the VEGF moiety.
DISCUSSION
The 1038 bp 5ЈUTR has an important role in the tight regulation of VEGF expression. It contains numerous elements that affect transcriptional and translational regulation such as; binding sites for various transcription factors, an alternative transcription start site, and two IRES elements (IRES-A; 940 -1038 nt and IRES-B; 91-483 nt) (6, 8 -11) . In this communication, we show that the 5ЈUTR of VEGF has an additional characteristic e.g. in frame ORF (499 -1038 nt) that can support alternative translation initiation form upstream CUGs and can affect translation efficiency from the canonical AUG. Therefore, it is not surprising that this ORF region is highly conserved in mammals and that the peptide sequence is almost identical between the human and the bovine genes denoting its importance in the regulation and the expression of VEGF. At least five high molecular weight isoforms were observed in cells transfected with a plasmid construct in which the 5ЈUTR of VEGF was fused to GST. The two most upper bands represent initiation from CUG1 and CUG2, while mutation at CUG3 and CUG4 had no observed effect on the formation of high molecular weight fusion products. This suggests that other alternative initiation codons such as GUG and ACG (17) , that are also found along the ORF might have a role in promoting alternative initiation of translation. Interestingly, in COS7 cells transfected with p5ЈUTR-VEGF 165 (Fig. 4B ) and in U937 cells (Fig. 4C ) only one prominent band was apparent, suggesting that alternative initiation from CUG1 is more effective. Other possible alternative translation initiation sites were detectable only when an effective reporter gene such as GST was employed. In U937 cells, which produce VEGF (16) , an elongated isoform was identified with an observed molecular weight of about 52 kDa. The largest expected molecular weight is about 47 kDa, which may include VEGF 206 , the leader peptide, and the ORF. The difference between the expected and the observed molecular size may be attributed to glycosylation (18) and other possible post-translational modifications that can occur on VEGF and possibly on the "ORF" moiety.
FGF2, a potent mitogen for a variety of cells, possess numerous biological activities including angiogenic activity (19) . Its has 5 isoforms of which 4 are initiated from upstream in-frame CUGs and the expression of some of the isoforms is dependent upon IRES element present in the 5ЈUTR (20, 21) . The CUG initiated isoforms are localized in the nucleus and lead to immortalization of adult bovine aortic endothelial cells while the AUG initiated isoform is mostly cytosolic and leads to transformation of the same cells (22, 23) . In analogy, we show that the 5ЈUTR of VEGF can support the formation of new isoforms of which at least some are initiated from alternative CUG initiation codons. The biological activity of these new isoforms is currently being investigated. However, computer aided analysis suggested a 70% chance that the ORF fragment will be localized in the nucleus (PSORT II Prediction, http:// psort.nibb.ac.jp/form2.html). Interestingly, nuclear accumulation of VEGF was recently reported (24) .
Expression of the mutation constructs of CUG1 or CUG2 but not CUG4 or GUG3 in COS-7 cells, led to dramatic decrease in the translation efficiency from the authentic AUG, which is located 499 bp downstream to CUG1. The same mutations had no effect on the in vitro translation efficiency from the same AUG codon due to the fact that IRES-A is not active in RRL (Anunu et al., unpublished data). Taken together, our results suggests that IRES-A, IRES-B and the region in-between, are essential for efficient translation from authentic AUG. Similar findings were reported for the 5ЈUTR of PDGF-B where numerous elements in addition to the D-IRES were identified (25) .
The biological nature of the new elongated isoforms of VEGF is a matter of future research. However, extension of up to 180 amino acids in front of the authentic methionine might interfere with efficient processing of the leader sequence essential for efficient secretion of VEGF. This suggests that the elongated isoforms will either not be processed and thus not secreted or will be processed only under certain conditions or in specific cells. Here we show that elongated isoform was readily detected in VEGF producing cells.
In this communication we show that the evolutionary conserved 5ЈUTR can potentiate alternatively translated isoforms of VEGF from upstream CUGs. In addition, structural elements in the 5ЈUTR are essential for efficient translation of VEGF from authentic AUG and upstream CUGs. Therefore, VEGF serves as another example demonstrating the multiple roles of elongated 5ЈUTR in the regulated expression of genes.
